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Neutrons Measure Structure 

10-11 10-9 10-7 10-5 10-3 

Dimension (meters) 
0.1Å 1.0nm 1mm 0.1µm 10.0µm 

Neutron Diffraction Neutron Scattering Neutron Microscopy Neutron Imaging 

Inferred structure (indirect)  Direct structure 

Nuclear and electronic 
density in enzymes 

SANS used to 
construct protein 
kinase A (PKA)  

Fluid 
interactions 
in plant-
groundwater 
systems 

Soil-root 
interface 
(rhizosphere) 

In Vivo Study of 
Embolism Formation 

Computed 
tomography 

Characterization of 
biological membranes, 
colloids, porosity, etc. 

Neutron diffraction of D2 sorption in Cu3[Co(CN)6]2 

Ice/water segregation in 
permafrost structures 
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“A picture is worth a thousand words” 

•  “A good sketch is better than a long speech” (Un bon 
croquis vaut mieux qu’un long discours) – Napoleon 
Bonaparte 

• Used as advertising in the US in the 1920’s 

• Chinese Proverb “A picture is worth ten 
thousand words” 
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What is imaging? 
•  Imaging is the visual representation of an object: photography, 

cinematography, medical imaging, X-ray imaging, thermal imaging, 
molecular imaging, neutron imaging, etc. 

• Digital Imaging is a field of computer science covering 
images that can be stored on a computer as bit-mapped 
images 
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Imaging throughout Nobel Prize 
history 
•  1901: Roentgen, FIRST Nobel Prize in Physics, 

Discovery of X-rays 
•  1979: Cormack  and Hounsfield, Nobel Prize 

in Medicine, Computed Tomography (CT) 
•  1986: Ruska, Binnig, Rohrer, Nobel Prize in Physics,  

Electron Miscroscopy 
•  2003: Lauterbur and Mansfield, Nobel Prize in Medicine, Magnetic 

Resonance Imaging (MRI) 
•  2009: Boyle and Smith, Nobel Prize in Physics, 

Imaging semi-conductor circuit, the CCD* sensor 
 

•  (*) Charge-Coupled Device 
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Early neutron imaging measurements 
•  Neutron Imaging started in the mid 1930’s but only during the past 30 

years has it come to the forefront of non-destructive testing 

•  World class dedicated imaging user facilities such as NIST, PSI, HZB, 
FRM-II and at many worldwide universities 

•  World conferences and workshops being held regularly 
•  Growing worldwide user community 

Discovery of neutron in 1932 by Chadwick  
 
First neutron radiograph in 1935 
 
Left to right: Pressure gauge with metal backplate; fire hydrant 
and test tubes filled with H2O 
and D2O imaged with gamma-rays (top) and neutrons 
(bottom) 
[ Kallman and Kuhn, Research 1, 254 (1947) ] 
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Multiple scattering and low detector 
spatial resolution 

[ J. Anderson et al., Br. J. Radiol. 37, 957 (1964) ] 
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J. Phys. D: Appl. Phys. 42 (2009) 243001 Topical Review

Table 1. International selection of major neutron imaging facilities and their host institutions (alphabetic).

Institution Facility Location Instrument

Atomic Energy Research Institute BNC Budapest, Hungary NRAD
Atominstitut der österreichischen Universitäten ATI Vienna, Austria Neutronenradiographie
Forschungszentrum Geesthacht FRG1 Geesthacht, Germany GENRA-3
Helmholtz-Centre Berlin (Hahn-Meitner-Institut) BER-2 Berlin, Germany CONRAD 1&2
Institute Laue-Langevin ILL Grenoble, France NEUTROGRAPHa

Japan Atomic Energy Res. Institute JRR-3M Tokaimura, Japan
Korean Atomic Energy Res. Inst. HANARO Daejeon, Korea NRF
Laboratoire Leon Brillouin Orphee Gif-sur-Yvette, France Neutronographie
National Institute of Standards NCNR Gaithersburg, USA BT2 NIF
Nuclear Energy Corp. South Africa SAFARI Pelindaba, South Afr. NRAD
Paul-Scherrer-Institut SINQ Villigen, Switzerland NEUTRA / ICON
Technische Universität München FRM-2 Garching, Germany ANTARES / NECTAR

a Not available at the moment.

(a)

(b)

Figure 1. Interaction of matter with (a) x-rays and (b) neutrons.

close to one another in the periodic table, and are even able to
distinguish between different isotopes. Furthermore, several
light elements (notably hydrogen) attenuate strongly, while
layers of many metals that are several centimetres thick can
be penetrated; for example, the heavy element lead is used for
shielding x-rays, but could be deemed a window material for
neutrons. Figure 2 compares the mass attenuation coefficients
of thermal neutrons and 100 keV x-rays (a typical energy used
in imaging) and clearly demonstrates the complementarity of
neutron and x-ray imaging for a broad range of materials. An
important and industrially relevant example is the ability of
neutrons to detect even small amounts of hydrogen-containing
materials such as water, many synthetics (e.g. lubricants, glues,

Figure 2. Mass attenuation coefficients for thermal neutrons and
100 keV x-rays for the elements (natural isotopical mixture unless
stated differently). (Reprinted with permission from [10]. Copyright
2008, University of Oxford Press.)

etc) or plastics contained within metals; in contrast, x-rays
are better suited to identifying small metallic regions inside
synthetic matrices.

Another factor worth considering alongside the relative
penetrability of different materials with neutrons and x-rays is
the spatial resolution attainable and the volume of the sample
that can be imaged. Though the penetration depths achieved
with thermal neutrons for a broad range of important industrial
materials such as metals are significantly higher (around an
order of magnitude) compared with standard x-ray energies
of several tens or hundred kiloelectronvolts, the best spatial
resolution available with neutrons is at least one order of
magnitude lower. As a consequence of this, along with the
fact that neutron beams generally have a larger cross-section
than high intensity synchrotron x-ray beams, neutron (high-
resolution x-ray) tomography is suited to investigating sample
volumes of several cubic centimetres (millimetres).

Material attenuation coefficients (cf figure 2) are energy-
dependent for both neutrons and x-rays. However, for many
applications the energy range of neutrons used for scattering
experiments, i.e. thermal and cold neutrons (around 25 meV

2

Neutron sensitivity 

[M. Strobl et al., J. Phys. D: Appl. Phys. 42 (2009) 243001] 

Neutron Radiograph of camera X-ray Radiograph of camera 

Courtesy of E. Lehmann,PSI 

Neutron Radiograph of 
Rose in Lead Flask  



9  Managed by UT-Battelle 
 for the U.S. Department of Energy 

Comparison microscopy/microCT and 
neutron radiography 

•  92% of the pixel intensities agreement between histological and  neutron 

Watkin, K. et al., Neutron Imaging 
and Applications, Springer, 2009. 
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Basics of Neutron imaging    

xeII )(
0 )()( λµλλ −=

Beam attenuation caused by a homogeneous uniformly thick sample composed of a 
single isotope is given by 

M
NA

t
ρ

λσλµ )()( =

σt(λ) = scattering and absorption 
µ is the attenuation coefficient and Δx is the thickness of the sample 

σt(λ) is the material’s total cross section for neutrons, ρ is its density, NA is 
Avogadro’s number, and M is the molar mass. 
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Detection of “imaging” neutrons 
•  Scintillator-based techniques such as 6Li(n,α) 3H 

–  Good signal-to-noise (SNR) ratio 
–  Large Field Of View (FOV) and 0.01 to hundreds of seconds images 
–  BUT spatial resolution limited by the dissipation of particles 
–  Can take a lot of neutron flux! 

Aperture of 
diameter D

Collimator

Source

Sample of 
thickness x

Scintillator

CCD

Lens

I0 I

L
Mirror

1,1	   1,2	   1,3	   …	   …	   1,	  ny	  

2,1	   2,2	   2,3	   …	   …	   2,	  ny	  

3,1	   3,2	   …	   …	   …	   3,	  ny	  

…	   …	   …	   …	   …	   …,	  nx	  

nx,	  1	   nx,	  2	   nx,	  3	   …	   …	   nx,	  ny	  

Each pixel is coded using n-bit. 
16-bit = pixel value is between 0 and 65535 
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Detection of “imaging” neutrons (cont’d) 

• Pixelated detectors  
–  Micro-Channel Plate (MCP) 
–  In the direct path of the beam 
–  Limited FOV for high spatial resolution MCPs 

•  1.4 cm x 1.4 cm at ~ 15 microns 
–  Encodes events at x, y position and time of arrival, at high 

temporal resolution ~ 1 MHz 
–  Detection efficiency has improved for both cold (~70%) and 

thermal (~50%) energy range 
–  Absence of readout noise 
–  Not as gamma sensitive 
–  Becoming commercial 
–  BUT: works in relatively low-signal beam! 
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Neutron Transmission through Metals 

Cu, 1 cm 
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Al, 3 cm 

Al, 6 cm 

Zn, 3 cm 

Zn, 6 cm 

Example: Cu, Zn and Al 
Compound	   Abs.	  Coeff.	  

[Å-‐2]	  
Inc.	  Coeff.	  

[Å-‐1]	  
Cu (100%) 1.78E-09 4.65E-10 
Al (100%) 7.75E-11 4.94E-12 
Zn (100%) 4.06E-10 5.06E-11 
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Detector housing  
(CCD, lens, mirror and 
scintillator) 

CG1-D: Neutron Imaging Prototype Beamline 
(Polychromatic/Chopped) 

He-filled Al  
flight tubes 

Sample stage (translation and 
rotation for neutron Computed 
Tomography) 

Chopper Box 

Lens 

CCD 

Al Mirror 

LiF/ZnS scintillator  
(25 to 200µm thick) 

• ANDOR Camera: 
4Mpixels – 2048x2048 
• Field of view: 
7x7cm2 
• Quantum Efficiency: 
95%  

HFIR CG1D beamline 
Current resolution ~ 50 microns 
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Use of Diffusers 
•  1 cm thick Graphite Powder (4 to 10 microns) 

         Open Beam  Heat Pipe Sample  Reduced Image 

Without diffuser 
 
With diffuser 
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CG-1D polychromatic beam 
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CG-1D spectrum measured with the MCP detector at a flight path distance 
of approximately 5.5 m, with the chopper running at a frequency 40 Hz and 
an 5 mm aperture. [Bilheux et al., ITMNR-7, Canada, June 2012] 
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Software Development at CG-1D 
iMARS 

(iMaging Reduction Software) 
developed J.-C. Bilheux 

    IMPROVIS  
developed by S. Voisin,  
M. Kang and H. Bilheux 
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Conventional Neutron Imaging 
Techniques at steady-state sources 

•  Radiography (available at CG-1D) 
•  Tomography (available at CG-1D) 
•  Phase Contrast Imaging 
•  Polarized Neutron Imaging 
•  Stroboscopic Imaging 
•  Imaging of processes that happen fast 
•  Energy selective techniques possible with double-

monochromator configuration 
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Neutron Imaging Techniques at pulsed 
sources 

• Energy-selective (or Time-of-Flight) imaging 
–  Contrast enhancement 
–  Bragg edge 

• Stroboscopic imaging 
–  SNS has a natural clock 

• Neutron Imaging at energies not accessible at reactor 
facilities 
–  Mainly bio-medical applications 
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Neutron imaging techniques 

•  Radiography 
•  Computed tomography 
•  Bragg edge imaging 
•  Neutron phase imaging 
•  Stroboscopic imaging 
•  Neutron Stimulated Computed Emission Tomography or 

NSECT 
•  Polarized imaging 
•  Dark field imaging 
•  Energy resonance imaging 
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Data Normalization for Imaging 

•  2D – Radiography  
–  Normalization 

= 

- 

- 
Image Dark Field 

Dark Field Open Beam 

Normalized Image 
1 

0 
Transmission 

( ) ( ) ( )
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Computed/Computerized Tomography 
(CT) 

• Several techniques: 
–  Filtered Back Projection 

•  Radon transform 
•  Works well with high signal to noise ration measurements 
•  Easy-to-use commercial, semi-automated software available 
•  Quick 

–  Iterative Reconstruction 
•  Direct approach 
•  Less artifacts 
•  Can reconstruct incomplete data 
•  High computation time 
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Raw Data:  
2048x2048 pixels,  

721 projections 
Normalized Data:  
2048x2048 pixels,  

721 projections 
Sinograms: 

2048x721 pixels,  
2048 files 

Slices: 
2048x2048 pixels,  

2048 slices 
3D reconstruction: 

2048x2048x2048 voxels 

Computed/Computerized Tomography 
(FBP) 

–  Filtered back projection method   

~20700 ~700 Counts 1 0 Transmission 1 0 Transmission ∞ 0 Attenuation 
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Bragg Edge Imaging 

• At reactors: 
–   monochromatic beams 
–  Scintillator-based detection 

adequate 

• At spallation sources: 
–  Time-stamping of neutrons 
–  Pixelated detectors such as 

MCPs required for time 
measurements 
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Courtesy of Prof. D. Penumadu, UTK and N. Kardjilov, HZB 
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Bragg Edge Imaging 
•  Strain mapping od steel screw 

Tremsin et al., Journal of Physics, Conference Series  251 (2010) 012069 

Strain map 
image of the 
steel 
screw. Strain 
values in µstrain 

5 min exposure, 1 µs time res. 

Fe 110 
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Bragg Edge Imaging 
•  Texture mapping 

corresponds to the case exemplified by the transmission of
the large-grained material of Fig. 1b, and is confirmed by
the transmission spectra measured from a small cube cut
out from a similar multi-pass stainless-steel weld (data not
shown here). Therefore the radiographies can be explained
as the combined contribution of the transmission spectra
from a small number of relatively large crystallites.

Fig. 9a compares the results obtained for the two camera
systems, PI-MAX and ANDOR, on OSIRIS for the same
sample of the multi-pass girth weld. The energy dependent
radiographies exhibit the same transmission features,
confirming that the contrast patterns are reproducible. In
both camera settings, the outline of the welding seem in
such a single-phase and chemically homogeneous material
is made visible. Visualization of welding lines and structure
transitions is a particular advantage of energy selective
radiography.

Fig. 9b and c display maps of ‘R’ factors for wavelengths
of 4.17 and 4.06 Å, respectively, calculated according to
Eq. (9). The base attenuation (Eq. (6)) has been accounted
for by using the radiograph collected above the first Bragg
edge at 4.23 Å. Thus these figures display the effect of
removal of neutrons out of the primary beam exclusively

due to spatial variations of Bragg scattering. The images
look significantly different both in appearance and in the
magnitude of the R-factor. The R-image of Fig. 9b
corresponds to the wavelength of the first Bragg edge
(Table 1), and hence it gives the number of crystals having
their (1 1 1) directions exactly aligned with the direction of
the neutron beam. This is a very stringent condition and so
the picture shows very low R-values without any distinctive
pattern, essentially telling that there are no crystallites
aligned in such way. On the other hand, the image on
Fig. 9c is proportional to the number of crystallites having
their (1 1 1) directions tilted at !131 from the incident
beam, i.e. within a Debye-Scherrer cone. The R-values now
vary from 0 to 1.3, and a clear contrast emerges between
the different regions of the weld. The white areas near the
bottom show the largest number of suitable aligned
crystallites whilst the top-centre of the weld shows a region
with almost no crystals aligned for Bragg reflection. Several
applications can be envisaged for this type of analysis. For
instance, inspection of R-images collected at a large
number of wavelengths could be used to investigate the
relative orientations between different regions of a multi-
pass weld. Collection of images in situ at different stages of

ARTICLE IN PRESS

Fig. 9. (a) Radiographic transmission images of a steel welding as a function of neutron energies, measured with the PI-MAX (upper row) and ANDOR
(lower row) systems; (b) ‘R’ factor map for a wavelength of 4.17 Å calculated according to Eq. (9). It must be noted that the contrasts are inverted, i.e.
higher attenuation is indicated by white spots. The scale is given in units of m.r.d. (multiples of a random distribution). (c) ‘R’ map for a wavelength of
4.06 Å according to Eq. (9), displaying the distribution of crystallites having their (1 1 1) planes tilted at !131 from the incident beam.

W. Kockelmann et al. / Nuclear Instruments and Methods in Physics Research A 578 (2007) 421–434432
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Energy-Dependent Neutrons are 
Sensitive to Material Strain/Phase 

Example: Visualization of a mica 
grain (red) in a granite sample
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In-situ measure 
of stress/strain 
characteristics 
of metals can 
be achieved 

using energy-
dependent 

Bragg edge 
imaging

Reference: E.H. Lehmann, et al., Nucl. Instr. and 
Meth. A (2010), doi:10.1016/j.nima.2010.11.191

Thawing permafrost 
may release significant 
carbon

Differential cross-
section for water and 
ice will facilitate 
studies of water/ice 
(re)distributions in 
permafrost along with 
changes in pore 
structure and voids 
through freeze/thaw 
cycles

Energy-dependent macroscopic 
cross-section of water and ice
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Bragg reflected neutrons result in narrow dips in the actual transmission at precise wavelengths 
specified by Bragg’s law: 
  

λhkl = 2dhkl sinθhkl                                                                                    
 
where dhkl is the interplanar distance for the (hkl) planes and θhkl are the Bragg angles θhkl 
depends on the relative orientation of the crystal lattice to the neutron beam. 
 
At λhkl, creation of map of the number of crystals having any of their (hkl) directions making an 
angle, βhkl, with the incident beam given by: 
  

βhkl = (π/2) – arcsin (λhkl / 2dhkl)  

Kockelmann et al., NIM A, Vol. 578 (2007) 421. 
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Propagation-based Neutron Phase Imaging 

nonabsorbing, refractive sample components can form, bringing these fine
structures into sharp relief. For this method, the collimation ratio, or angular
spread of incident beam, is necessarily on the order of 104–105, so that the detail
is not washed out in source size blurring.

The development of phase contrast with propagation is shown in Fig. 8.14.
Here a hollow lead sinker has been mounted on an aluminum screw. In the
contact image (at 20mm), scattering/absorption within the microcrystalline
structure of the lead leads to little image contrast, but affords no detail. The
aluminum screw is invisible. Images for propagation steps of approximately
220, 450, 900, and 1800mm are then shown. In the final phase contrast image,
the hollow structure and flaws within the sinker, the aluminum screw, and
shavings in the axial hole from the threading process are all clearly visible
[40]. Other examples of the application of propagation-based phase contrast
imaging with neutrons are reported in [41, 42, 43, 44, 45, 46, 47].

Fig. 8.14 A series of neutron radiographs showing the development of the phase contrast of a
lead sinker mounted on an aluminum screw. The images, counterclockwise from top left to
top right (a–e), correspond to propagation distances of approximately 0.02, 0.22, 0.45, 0.90,
and 1.8 m, respectively. The visibility of the edge detail within the sinker, screw, and shavings
trapped in the axial hole are greatly enhanced (images from [40])

146 F. Pfeiffer

(a) Neutron attenuation radiograph (e) and phase 
contrast radiograph of a lead sinker mounted on an Al 
screw. [B. Schillinger et al., Mat. Trans. Proc. (2006) 61] 

•  Source needs to be spatially coherent (i.e. small pinhole and long 
pinhole-detector distances) 

•  Flux is low (up to 98% of flux is sacrificed, several hours to days for one 
radiograph) 

 

(a) Neutron attenuation radiograph (b) photograph and (c) 
phase contrast radiograph of a yellow jacket wasp.  

[B. E. Allman et al., Nature 408 (2000) 158] 

SOURCE 
L>>D 

D < 1 mm 
L > 15 m 
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Phase Radiography using Grating 
Interferometry 

Neutron Phase Imaging and Tomography

F. Pfeiffer, C. Grünzweig, O. Bunk, G. Frei, E. Lehmann, and C. David
Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland

(Received 6 April 2006; published 2 June 2006)

We report how a setup consisting of three gratings yields quantitative two- and three-dimensional
images depicting the quantum-mechanical phase shifts of neutron de Broglie wave packets induced by the
influence of macroscopic objects. Since our approach requires only a little spatial and chromatic
coherence it provides a more than 2 orders of magnitude higher efficiency than existing techniques.
This dramatically reduces the required measurement time for computed phase tomography and opens up
the way for three-dimensional investigations of previously inaccessible quantum-mechanical phase
interactions of neutrons with matter.

DOI: 10.1103/PhysRevLett.96.215505 PACS numbers: 61.12.Ex, 42.25.Fx, 42.30.Rx, 61.43.Gt

For particle physicists, neutrons are small massive par-
ticles with a confinement radius of about 10!15 m and a
distinct internal quark-gluon structure. In quantum me-
chanics, neutrons are described by de Broglie [1] wave
packets whose spatial extent may be large enough to show
interference effects similar to what can be observed with
visible laser light or highly brilliant x-rays from synchro-
tron sources. Measurements of the neutron wave packet’s
phase shift induced by different interaction potentials
have a long and distinguished history in the exploration
of the fundamental properties of quantum mechanics [2].
If such phase sensitive measurements are further com-
bined with neutron imaging approaches, two- or even
three-dimensionally resolved spatial information on the
quantum-mechanical interactions of massive particles
with matter can be obtained.

Consequently, several attempts have been made to detect
the neutron wave optical phase variations induced by an
object in the past years. They can be classified into inter-
ferometric methods [3–5], techniques using an analyzer
crystal [6], and free-space propagation methods [7,8].
However, practical difficulties arise, because the currently
available neutron sources are not sufficiently coherent or
bright for the effective application of the existing phase
sensitive imaging methods. This is because they require
monochromatic crystal optics [3–6] or the high spatial
coherence of a pinhole source [7,8].

In this Letter we demonstrate how an alternative ap-
proach using a grating-based shearing interferometer can
be efficiently used to retrieve quantitative differential
phase contrast (DPC) images with polychromatic neutron
sources of little spatial and chromatic coherence. We have
recently shown that this method can be used for DPC
imaging using polychromatic x rays from synchrotron or
tube sources [9,10]. Here we describe, in particular, how
taking into account the quantum-optical properties of mat-
ter waves allows for a successful adaptation of the latter
method to a beam of massive particles, i.e., to neutrons.

Our setup consists of a source grating G0, a phase
grating G1, and an analyzer absorption grating G2

[Fig. 1(a)]. The source grating (G0), an absorbing mask
with transmitting slits, typically placed close to the neutron
beam exit port, creates an array of individually coherent,
but mutually incoherent sources. Each individual line
source provides enough spatial coherence for the DPC
image formation process [11]. Since the source mask G0
can contain a large number of individual lines, each creat-
ing a virtual source, efficient use can be made of typical
neutron source sizes of more than a few square centimeters.
To ensure that each of the line sources contributes con-

FIG. 1. Grating-based neutron shearing interferometer. (a) The
source grating (G0) creates an array of individually coherent, but
mutually incoherent sources. (b) The phase grating (G1) forms a
periodic interference pattern in the plane of the analyzer grating.
A phase object in the incident beam will cause a slight refraction,
which results in changes of the locally transmitted intensity
through the analyzer.

PRL 96, 215505 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
2 JUNE 2006

0031-9007=06=96(21)=215505(4) 215505-1  2006 The American Physical Society

•  G0 creates array of coherent sources from 
source w 

•  G1 creates diffraction patterns for each 
source which overlap if 

 

•  Diffraction pattern has maximum contrast 
when d is a integer multiple of the Talbot 
length, LT 

•  Phase object cause distortion of diffraction 
pattern (or phase shift of incident wave Φ) 

•  Measure diffraction pattern by translating 
G2 

G0: (source) absorption grating, period p0 
G1: phase grating, period p1 
G2: (analyzer) absorption grating, period p2 
 
[Pfeiffer et al., PRL. 96 (2006) 215505] 

p0 = p2
l
d

LT =
p1
2

!
Φ 

p0 ~ 1 mm, p1 ~ 10 µm, p2 ~ 5 µ m,   ~ 5 m, d ~ 20 mm l
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Stroboscopic imaging 
•  Makes a cyclically moving object appear to be slow moving 
•  Pulsed sources are by definition stroboscopic neutron sources 

BMW engine, NEUTROGRAPH, ILL, France 

Schillinger et al., NIM A 542 (2005) 142. 

Oil spreading 
into bottom of 
piston 

Oil jet 
ejected into 
bottom of 
piston 

Stroboscopic imaging: 
150 exposures, 200 ms 
each, 24 cm x 24 cm 
field of view 
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Applications at a glance 
•  Archeology 
•  Bio-medical 
•  Botany 
•  Contraband 
•  Cultural Heritage 
•  Energy 
•  Engineering/Materials Science 
•  Forensic Science 
•  Geology/Earth Sciences 
•  Homeland Security 
•  Paleontology 
•  Quality Assurance 

Visualization of water transport in artificial 
soil sedimentation (20 s frame, 25 x 25 cm2) 

http://neutra.web.psi.ch/gallery/animations.html 

Radiography of a dry monkey skull 

http://neutra.web.psi.ch/gallery/biological.html 
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Fluid flow in porous media 

ü Develop quantitative imaging 
techniques using neutrons to 
accurately measure the 2-D 
distribution of water/oil in 
porous media  

ü  Evaluate analytical models for 
predicting water/oil flow in 
porous media 

ü  Provide input parameters for 
numerical modeling 

In collaboration with Prof. Perfect  and Dr. 
Cheng at UTK, Prof. Horita at Texas Tech. and 
Dr. Warren at ORNL. 
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Significance 
•  Water in porous media 

–  agricultural crop production 
–  infiltration & aquifer recharge 
–  remediation of contaminated soils 
–  subsurface carbon sequestration  
–  enhanced oil recovery 

Contaminant transport CO2 sequestration 

Plant-soil-water system 
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Water in Porous Media 
•  Traditionally determined using “black box” 

methods: 
- hanging water column & pressure plates   

•  Water retention curve: suction (ψ) imposed at 
a particular point in the porous medium & 
corresponding average water contents (θavg) 

•  Point  function, θ(ψ), curve needed for     
modeling flow & transport in porous media 

•  θ(ψ) extracted by modeling θavg(ψ)	

    -TrueCell (analytical) and STOMP  
     (numerical) models 
•  Neutron imaging allows us to “see” into  
   the black box & measure θ(ψ)  directly 
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Hanging water column, θavg(ψ) 

Sand column 
Ψ1 (cm) 

Air replace the water 
in the pore space  

Filter paper 

Tygon tube 
filled with water 

Burette 
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Hanging water column, θavg(ψ) 

Sand column 

Ψ (cm) 

Air replace the water 
in the pore space 

Volume of water 
drained from 
sand column 

Drying 
Process 

Volume of water 
collected in burette  = 

Burette: Down 

•  Let the system equilibrate 
• Record the water level and  
  height 

Average water 
content = volume of 
water retained in 
sand column/total 
volume of sand 
column 

Filter paper 

Tygon tube 
filled with water 

Burette 
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Hanging water column, θavg(ψ) 

Soil column 
Ψ1 (cm) 

Air replace the water 
in the pore space  

Filter paper 

Tygon tube 
filled with water 

Burette 

Wetting 
Process 

Drying 
Process 

•  Let the system equilibrate 
• Record the water level and  
  height 
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Imaging and modeling of fluid flow in non-
homogeneous porous media 

 Ψ= 8.0cm Ψ= 11.8 cm Ψ= 15.0cm  Ψ= 16.6 cm  Ψ= 18.3 cm 
 

Ψ= 20.8 cm 

Flint Sand Drying Process (HFIR /CG1-D)  (Blue: water) 
Ψ= 46.7 cm 
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• Measured point functions varied 
with column height 
• Heterogeneity due to packing 
procedure 
• Input parameters for numerical 
model 
  

 4.3 cm 

 3.1 cm 

 1.8 cm 

 0.6 cm 

Column 
height 

Cheng, C.-L. et al., Soil Sci. Soc. Am. J. 
76:1184–1191 
doi:10.2136/sssaj2011.0313 
Kang, M. et al., NIM A, accepted 
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Point Water Retention Function: 
hanging water column 
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Ø  Point water retention function is extracted from the average water 
retention curve determined by hanging water column using TrueCell 
inverse modeling procedure  

•  θr	  = residual water content 
(cm3cm-3)  

•  θs  = saturated water 
content (cm3cm-3) 

•  ψ	  b	  = air entry value (cm)  

•  λ	  = pore-size distribution 
index  

Brooks and Corey 
Parameters 

 θs 

ψ	  b 

θr 

λ: slope 

, cm 
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Hanging water column set up for 
neutron imaging at CG-1D 

Sand in 
Al can 

Soil in 
Al cans 

Tygon 
tube 

Burette 
Transducer 

  
Sample 
•  Flint #13 sand and  Handford 
sediment 
•  Al cylinder 2.6 cm ID, 4 to 6cm 
height  sand column 
•  Median particle size: 0.56mm, 
Particle density: 2.65 g/cm-3 

 
Procedure 
•  Hanging water column set up 
•  Placed in path of incident 
neutron beam 
•  Various suctions applied using 
hanging water column 
•  Radiography (2-D) Images 
during drainage and  rewetting 
process with 60 second exposure 
time  
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Image Analysis for Sand in Cylindrical 
Al chamber 

Ø   Steps for 2-D image analysis to quantify volumetric 
water content in sand column 

Blue: water 

1. Normalized Transmission 

 
Dark Field-ImageDry 
Dark Field-ImageRaw 

=nI

2. Water Thickness per Pixel, tij  
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3. Path Length per Pixel, cij  
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4. Volumetric Water Content per Pixel, qij  
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Quantification of Water Content as a 
Function of Height by Neutron 
Radiography  

Blue: water Drying Cycle: Flint Sand 

Suction(Ψ) = 15cm 

Volumetric	  water	  content	  (cm3/cm3)	  
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Neutron Radiography of Roots at CG1-D 

• Water injected into root zone at base 
• Unidentified endophyte (symbiotic) or decomposer fungi visible near roots 
of switchgrass (left), revealing substantial hydration of the rhizosphere 
• Both fine and coarse roots are readily visible 

Switchgrass and Maize Plants in Al chamber 
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Changes in Soil and Root Water 
Content using Neutron Radiography 

Distance across root (mm)
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Top – More water showing up 
based on division (white areas)

Blue arrows show where water 
was removed from the system.

Left – increase in water content 
or root or rhizosphere due to 
root growth or root water efflux

t = 0 h                                 t= 12 h                                   t= 12/t= 0
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Water Uptake by Roots and Stem 

10-d old maize seedling (A) aluminum sample chamber; (B) neutron radiograph at ~70 µm pixel 
resolution illustrating roots distribution (0.2-1.6 mm); C) 3D tomographic reconstruction; (D) Timing 
of water uptake by plant components highlighted in (B) illustrating impact of solar radiation on rate 
of water flux in stem and ~0.5 mm first and second order roots. 

Ø  This study provides direct evidence for root-mediated 
hydraulic redistribution of soil water to rehydrate drier roots 
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Comparison of Li Distribution as a function of 
depth of battery 

 Control   

Li-Air (no catalyst) 

Li-Air (with catalyst) 
Nanda et al., Journal of Physical Chemistry C, 2012. 
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Neutron imaging provides the basis for developing 
models 

Neutron image 
Li- air cathode 

Image produced by neutron-computed tomography. 

3D model 
Li-air cathode  

• Reaction phase 3 dimensional modeling was 
used to predict results and compare with 
measurements 

• Spatiotemporal reaction phase three-
dimensional modeling of the electrodes also 
predicted a non-uniform lithium product 
distribution, confirming the neutron imaging 
result.   

• Need to match resolution of neutron imaging 
capabilities to further improve feedback to 
modeling tools 

   Non-uniform lithium distribution may limit rechargeability 
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J. Phys. D: Appl. Phys. 42 (2009) 243001 Topical Review

Table 1. International selection of major neutron imaging facilities and their host institutions (alphabetic).

Institution Facility Location Instrument

Atomic Energy Research Institute BNC Budapest, Hungary NRAD
Atominstitut der österreichischen Universitäten ATI Vienna, Austria Neutronenradiographie
Forschungszentrum Geesthacht FRG1 Geesthacht, Germany GENRA-3
Helmholtz-Centre Berlin (Hahn-Meitner-Institut) BER-2 Berlin, Germany CONRAD 1&2
Institute Laue-Langevin ILL Grenoble, France NEUTROGRAPHa

Japan Atomic Energy Res. Institute JRR-3M Tokaimura, Japan
Korean Atomic Energy Res. Inst. HANARO Daejeon, Korea NRF
Laboratoire Leon Brillouin Orphee Gif-sur-Yvette, France Neutronographie
National Institute of Standards NCNR Gaithersburg, USA BT2 NIF
Nuclear Energy Corp. South Africa SAFARI Pelindaba, South Afr. NRAD
Paul-Scherrer-Institut SINQ Villigen, Switzerland NEUTRA / ICON
Technische Universität München FRM-2 Garching, Germany ANTARES / NECTAR

a Not available at the moment.

(a)

(b)

Figure 1. Interaction of matter with (a) x-rays and (b) neutrons.

close to one another in the periodic table, and are even able to
distinguish between different isotopes. Furthermore, several
light elements (notably hydrogen) attenuate strongly, while
layers of many metals that are several centimetres thick can
be penetrated; for example, the heavy element lead is used for
shielding x-rays, but could be deemed a window material for
neutrons. Figure 2 compares the mass attenuation coefficients
of thermal neutrons and 100 keV x-rays (a typical energy used
in imaging) and clearly demonstrates the complementarity of
neutron and x-ray imaging for a broad range of materials. An
important and industrially relevant example is the ability of
neutrons to detect even small amounts of hydrogen-containing
materials such as water, many synthetics (e.g. lubricants, glues,

Figure 2. Mass attenuation coefficients for thermal neutrons and
100 keV x-rays for the elements (natural isotopical mixture unless
stated differently). (Reprinted with permission from [10]. Copyright
2008, University of Oxford Press.)

etc) or plastics contained within metals; in contrast, x-rays
are better suited to identifying small metallic regions inside
synthetic matrices.

Another factor worth considering alongside the relative
penetrability of different materials with neutrons and x-rays is
the spatial resolution attainable and the volume of the sample
that can be imaged. Though the penetration depths achieved
with thermal neutrons for a broad range of important industrial
materials such as metals are significantly higher (around an
order of magnitude) compared with standard x-ray energies
of several tens or hundred kiloelectronvolts, the best spatial
resolution available with neutrons is at least one order of
magnitude lower. As a consequence of this, along with the
fact that neutron beams generally have a larger cross-section
than high intensity synchrotron x-ray beams, neutron (high-
resolution x-ray) tomography is suited to investigating sample
volumes of several cubic centimetres (millimetres).

Material attenuation coefficients (cf figure 2) are energy-
dependent for both neutrons and x-rays. However, for many
applications the energy range of neutrons used for scattering
experiments, i.e. thermal and cold neutrons (around 25 meV

2

Neutron sensitivity 

[M. Strobl et al., J. Phys. D: Appl. Phys. 42 (2009) 243001] 

Neutron Radiograph of camera X-ray Radiograph of camera 

Courtesy of E. Lehmann,PSI 

Neutron Radiograph of 
Rose in Lead Flask  
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Thank you 

Courtesy of 
Krysta Ryzewski, Wayne University 
Susan Herringer, Brian Sheldon, 
Brown University 


